. Although many other proteins are regulated by ever, is insufficient for activation of Hh targets. We find modulation of their nuclear localization, this possibility that Hh signaling increases the rate of Ci155 nuclear has been difficult to evaluate for Ci155, since its presimport, resulting in significant nuclear accumulation.
caused an increase and a decrease in the relative levels As more quantitative indicators of Hh pathway activity, we tested reporter constructs incorporating seof Ci155 and Ci75, respectively (Figures 1A and 1C) (AzaBlanc et al., 1997), with the balance between these two quences from the dpp (decapentaplegic) and ptc genes. The dpp reporter tested (BS3.0) produces a pattern of proteins significantly shifted by 2 hr of stimulation (Figure 1C) and with no significant change in levels of ci ␤-galactosidase expression similar to that of normal dpp expression (Blackman et al., 1991), and we found that mRNA ( Figures 1D and 1F) . Ptc protein levels, in contrast, did not significantly increase until after 2 hr of cotransfection of this reporter with a Hh expression construct resulted in a severalfold increase in ␤-galactosiHh-N stimulation ( Figures 1B and 1C) , by which time ptc mRNA levels had also begun to rise ( Figures 1E and 1F) . dase levels (data not shown). We also constructed a luciferase reporter incorporating ptc promoter sequences These results are consistent with previous reports that, in imaginal discs, ptc is a transcriptional target for Hh extending from Ϫ758 to ϩ130 with respect to the start of ptc transcription. Hh stimulation induced a 5.5-fold signaling (Capdevila et al., 1994a) As would be expected from genetic evidence (Ingham, Furthermore, mutation of PKA or alteration of potential PKA phosphorylation sites in Ci has been reported to 1998), cotransfection with Ptc, PKA, Su(fu), and Cos2 reduced Hh-induced levels of ptc reporter expression, block Ci155 processing (Chen et al., 1998; Jiang and Struhl, 1998). Indeed, Ci species immunoprecipitated whereas Ci or Smo expression constructs increased reporter activity ( Figure 2B ). These effects were most from cl-8 cells migrated faster upon treatment with lambda phosphatase, and this effect was blocked by dramatic for Ci, which produced ‫-52ف‬fold and ‫-2ف‬fold increases in unstimulated and stimulated reporter exsodium orthovanadate, an inhibitor of lambda phosphatase ( Figure 3B ). Moreover, immunoprecipitated Ci from pression, respectively, as compared to cells transfected with reporter alone. The dramatic effects of Ci cotranscl-8 cells can be directly phosphorylated by PKA (Figure 3C ). fection were largely reversed by additional cotransfection with constructs for expression of Cos2, PKA, and Although the data presented above and elsewhere strongly suggest that direct action of PKA on Ci155 Su(fu) and were more modestly modulated by additional cotransfection of constructs for expression of Ptc and stimulates processing, normal control of the Hh pathway Smo. Taken together, the above data suggest that the does not require modulation of PKA activity ( 
Western blotting was carried out with antiCi-N (A), anti-Ci-C (B-D), and anti-Arm (E). Drug treatments and Hh-N stimulation were for 6 hr in (A), (D), and (E) and for 4 hr in (B) and (C).
In another test of the role of processing, we observed the difference in results likely is due to differences in our subcellular fractionation procedure (see Experimental that blocking formation of Ci75 repressor with the proteasome inhibitor lactacystin did not increase the level of Procedures). In striking contrast to its apparent absence in the nuclei of unstimulated cells, Ci155 was readily reporter activity relative to that in untreated cells ( Figure  5C 7B, 7C, 7M, and 7N) . The rapid increase produced by Hh signaling is observed even in the presence of LMB suggest that nuclear export of Ci155 is required to maintain the inactive state of the pathway. (Figure 7N ), suggesting that LMB does not interfere with the normal mechanisms that increase nuclear Ci155 and that the rate of Ci155 nuclear import is increased by Hh Hh Signaling Regulates the Phosphorylation signaling.
Figure 7. Inhibition of Nuclear Export Causes Accumulation of Ci155 in the Nucleus and Activates ptc Reporter Expression (A-C) Confocal images of endogenous Ci155 immunofluorescence staining in untreated cl-8 cells (A), or cells treated for 32 hr with 20 nM LMB (B) or Hh-N (C). Nuclear intensity of Ci155 staining in LMB-or Hh-treated cells was comparable (see [N]). (D-F) Confocal images of Ci155 staining in cl-8 in cells expressing high levels of Ci from a transfected construct. Two hours of LMB treatment shifted most of the overexpressed Ci155 into the nucleus (E), whereas it remained largely cytoplasmic after 32 hr of Hh stimulation (F). Nuclei were visualized by DAPI staining (not shown); for clarity, nuclear borders in (E) and (K) are indicated by arrowheads, and the nucleolus is indicated by an asterisk. (G and H) Confocal images of Ci155 in cl-8 cells expressing high levels of Ci and/or Cos2 from transfected constructs. High levels of Ci coexpressed with Cos2 remained largely cytoplasmic after 32 hr of LMB treatment (H). (I-L) Confocal images of GFP fluorescence in cl-8 cells transfected with constructs expressing GFP (I) or GFPCyt (J-L). GFPCyt is a fusion of GFP with residues 675-860 of Ci. LMB treatment of cells transfected with GFPCyt for 6 hr shifted green fluorescence from the cytoplasm (J) to the nucleus (K). Fluorescence remained cytoplasmic after 6 hr of Hh-N stimulation (L). (M) Ci155 in nuclear fractions of cells treated with LMB. Nuclear fractions from untreated cl-8 cells (lane 1) or cl-8 cells treated for 6 hr with LMB or Hh (lanes 2 and 3) were immunoblotted using anti-Ci-N for detection. Note that the increase in nuclear Ci155 is less in LMB-treated cells than in Hh-treated cells (see [N]). (N) Kinetics
and Processing of Ci The relatively slow kinetics of LMB-induced nuclear Our evidence suggests that phosphorylation of Ci155 accumulation of Ci155 suggests that, in the absence of may stimulate its processing to Ci75, and it further Hh stimulation, Ci155 is subject to a cytoplasmic activity suggests that Hh signaling may block processing by that restricts its rate of nuclear import. However, this reducing Ci phosphorylation. Although we know that mechanism fails to prevent the almost complete nuclear OA increases phosphorylation of Ci155 by inhibiting a accumulation of Ci155 within 2 hr when it is expressed phosphatase(s), we cannot distinguish the possibilities at high levels ( Figure 7E ). The cytoplasmic association that Hh signaling could act either by stimulating a phosof Ci155 with several other proteins in a microtubulephatase or by suppressing a kinase, since either effect bound complex prompted us to test whether higher levwould shift the balance toward decreased phosphorylaels of these other proteins might restore this restriction tion of Ci155 and could account fully for our observaof Ci155 nuclear import. Indeed, coexpression of high tions. levels of Ci with Cos2 resulted in a largely cytoplasmic
The dramatic effect of OA and the progressively less localization for Ci155, even after 32 hr of LMB treatment significant effects of calyculin A and TAU upon Ci155 (Figures 7G and 7H ). This effect was not observed upon phosphorylation and processing suggest that the relecoexpression of Su(fu), although high-level Su(fu) did vant phosphatase has pharmacologic properties like appear to stabilize and increase the levels of cytothose of PP2A (Cohen, 1989) . A pharmacologically simiplasmic Ci155 (C.-H. C., unpublished result). lar phosphatase has been implicated in Sonic hedgehog-dependent transcriptional activation in mammalian Target Gene Activation by Nuclear Ci155 cells via a transcription factor with a specificity distinct in the Absence of Hh Signaling from that of Ci/Gli proteins (Krishnan et al., 1997). This We observed an induction of ptc reporter expression pharmacologic similarity suggests the possibility that a by LMB treatment in the absence of Hh stimulation (Figphosphatase capable of influencing the activity of more ure 7O). This LMB-induced reporter activity at all stages than one downstream transcription factor acts early was lower than Hh-induced activity, but, as seen in the within the Hh signaling cascade. inset, the ratio of LMB-induced to Hh-induced reporter The requirement of proteasome action for Ci proactivities increased with time and in parallel with the cessing suggests that the proteasome either acts diincreasing nuclear accumulation of Ci155. By 48 hr of rectly on Ci in the absence of ubiquitinylation or that it incubation, LMB treatment alone produced a 28-fold acts indirectly, ultimately resulting in activation of aninduction, more than 25% of the induction associated other protease. Whatever the identity of the processing with Hh stimulation. The ability of LMB to significantly protease(s), the accumulation of slowly migrating Ci155 induce ptc reporter activity in the absence of Hh stimulaspecies when processing is blocked suggests that these tion suggests that increasing Ci155 nuclear concentrapresumably highly phosphorylated species are the subtion is sufficient to activate Hh target gene expression strates for the processing reaction. The extreme shift in and that increasing the rate of Ci155 nuclear import may electrophoretic mobility of these phosphorylated spebe a major mechanism for Hh induction of target gene cies (from ‫091ف‬ to ‫052ف‬ signaling. It should be noted that in contrast to Ci155 reveal at least two activities that contribute to the normal processing, which produces a repressor for Hh targets, cytoplasmic localization of Ci155. The first of these is nuclear export simply prevents nuclear accumulation nuclear export, which can be inhibited by LMB, resulting of the Ci155 activator. As outlined above, this export in nuclear accumulation of Ci155. Nuclear export of process operates at least in part through nuclear export Ci155 is mediated at least in part by Ci residues 675-860, signal(s) located within residues 675-860 of the Ci previously proposed to function as a cytoplasmic anprotein. chor but shown here to contain a nuclear export signal.
A third mechanism identified in our studies is the rapid The second mechanism contributing to cytoplasmic lonuclear import of Ci155 that is triggered by Hh stimulacalization of Ci155 is a Cos2-dependent suppression of tion. We suggest that this Hh-induced import plays a nuclear import, which may well involve interaction of significant role in activation of Hh target gene expresCi155 with the large microtubule-associated complex sion, since nuclear accumulation of Ci155 induced by previously described ( the increased overall levels of Ci155 that are associated The subcellular localization of Ci thus is regulated with Hh stimulation, since the high levels of Ci155 proboth by nuclear import and nuclear export. Since a block duced by lactacystin treatment remain dependent upon of nuclear export produces only a relatively slow nuclear Hh stimulation for a significant increase in nuclear levels accumulation of Ci155, the rapid nuclear accumulation ( Figure 6A, lanes 3, 4, and 7) . These results do not supinduced by Hh signaling appears to be due primarily port the idea that nuclear increase of endogenous Ci155 to an increased rate of Ci155 nuclear import, possibly in Hh-stimulated cells is due to a titration of other cytothrough disruption of the Cos2-dependent suppression plasmic components, and they suggest instead that a of Ci155 import. Consistent with a primary effect of Hh Hh-triggered event other than increase in total Ci155 is signaling upon import rather than export of Ci155, Hh required for the increase in nuclear import. is thought to be opposed by the action of Su(fu) and facilitated by a negative effect of Fu on Su(fu) (Ohlmeyer Multiple Levels of Ci Regulation and Kalderon, 1998). Consistent with such a regulatory We can now enumerate several mechanisms by which mechanism, we observed suppression of ptc reporter Ci activity is regulated. The first of these is cleavage of activity by cotransfection with a construct for expresCi155 to generate the Ci75 nuclear repressor, a constitusion of Su(fu), either with or without additional cotranstive process that is blocked by Hh stimulation (Azafection of a Ci construct ( Figure 2B ). In addition, the Blanc et al., 1997). This observation lead to the hypotheinability of LMB alone to match Hh stimulation in inducsis that a critical consequence of Hh signaling is to lift tion of reporter activity, even after lengthy incubations Ci75 repression (Aza-Blanc et al., 1997). Our studies are that produce equivalent or higher levels of nuclear Ci155 consistent with this hypothesis but also demonstrate ( Figures 7N and 7O) , would be consistent with a partial failure of Ci155 molecules to complete the transition to that lifting of Ci75 repression with the use of proteasome erned transition thus may represent a fourth mechanism for regulation of Ci activity, although further work will
